We demonstrate the application of confocal Raman microscopy (CRM) for nondestructive imaging of ferroelectric domains both at the surface and in the bulk of lead magnesium niobate-lead titanate (PMN-PT) ferroelectric single crystals. The studied model periodical domain structure was created at a [001] cut of tetragonal-phase PMN-PT crystal by the electron beam patterning technique. It was shown that the surface CRM domain image coincides in details with the image obtained by piezoresponse force microscopy.
Introduction
The multiaxial ferroelectric crystals of Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 (PMN-xPT) family have been actively studied over the past decades as materials with record piezoelectric coefficients and electromechanical coupling factor [1] [2] [3] . In addition, these crystals possess very high nonlinear-optical and electro-optical coefficients (about 10 times higher than those of lithium niobate) [4, 5] .
The recently developed methods for achieving a single domain state [6] , as well as suitable uniformity and possibility of preparing crystals of the optical quality made PMN-PT a promising object for domain engineering by creation of precise periodical domain structures [7] . Domain engineering requires nondestructive methods with high spatial resolution for inspection of the domain wall positions both at the surface and in the crystal bulk [7, 8] . There are two main methods of domain structure imaging [9] in the crystal bulk: second harmonic generation microscopy (SHGM) [10] [11] [12] [13] [14] [15] [16] [17] and confocal Raman microscopy (CRM) [8, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . SHGM is based on the detection of local disturbance of the linear and nonlinear properties occurred at the domain walls, and thus only provides contrast of the domain walls [9] . A modification of SHGM, calledČerenkov-type SHGM, has been used recently for 3D domain visualization [13, 16] . CRM combines the benefits of Raman spectroscopy and confocal microscopy and is based on the detection of local variation of the phonon modes in the vicinity of the domain walls [21] . The domain wall contrast is achieved by 2D representation of variations in the position and/or intensity of certain Raman lines recorded during the point-by-point scanning through the domain structure. The CRM imaging has been applied recently for domain walls visualization in uniaxial ferroelectrics lithium niobate (LiNbO 3 , LN) [20] [21] [22] 27] , lithium tantalate (LiTaO 3 , LT) [19] , relaxor barium-strontium niobate (Sr 0.61 Ba 0.39 Nb 2 O 6 , SBN) [27] single crystals, and multiferroic bismuth ferrite (BiFeO 3 ) ceramics [25] .
Both methods allow obtaining a set of 2D images of domains or domain walls in the crystal bulk using layer-by-layer scanning at various depths. These images can contain information about the time evolution of the domain structure at the polar surface [8, 19] .
However, since the absolute orientation of the polarization in individual domains cannot be extracted from SHGM [11] , the domain imaging in multiaxial ferroelectric is challenging due to possible existence of various types of domain walls, whereas CRM allows separating different kinds of domains by choosing an appropriate part of the spectrum [28, 29] . Moreover, SHGM imaging is restricted to a certain wavelength regime [11] , thus making CRM the more universal method, despite its insufficiently low time resolution for in situ measurements.
In the present paper, we demonstrate the application of the CRM technique for domain imaging at the surface and in the crystal bulk for studying the model structure of periodical c-domains with 180 • walls created by the electron beam patterning technique in tetragonal-phase PMN-PT crystal.
Materials and Methods
The studied PMN-39PT single crystals grown by the modified Bridgman technique [30] represent the tetragonal phase at room temperature. The bulk single crystal was diced into small plates (5 × 8 × 1 mm 3 ) perpendicular to the [001] direction with sides parallel to (010) and (100) planes. The mechanically polished samples were annealed at 750 • C for 10 h followed by slow cooling with rate 0.05-1 • C/min. This temperature treatment allowed releasing the 90 • -domain-induced strain, as well as crystal growth and machining stresses to avoid crystal crack during the poling process [7] . Single-domain state has been successfully achieved at 120-230 • C by application of 2-4 kV/cm field along the [001] direction using silver paste electrodes [7] , which were removed after completion of the poling process. The final optical grade mechanochemical polishing was realized using silica compound SF1 suspension by PM5 (Logitech Ltd. Glazgow, UK) polishing machine. This step is of crucial importance since any scratches occurred at the polar surfaces represent the field concentrators stimulating the domain's nucleation, thus hampering the study of domain growth.
The studied model periodical c-domain structure with 180 • walls with 10-µm period was created by electron beam (e-beam) poling technique [31] [32] [33] by means of a scanning electron microscope (Auriga CrossBeam Workstation, Carl Zeiss NTS GmbH, Oberkochen, Germany) with Schottky field emission gun equipped with an e-beam lithography (EBL) system (Elphy Multibeam, Raith GmbH, Manufacturer, Dortmund, Germany). The irradiated patterns were specified by Raith Nanosuite software. The stripe exposure mode of meander-scan covering of the rectangular area was used. Before e-beam poling, the (001) surface was completely covered by solid uniform 2.5-µm-thick layer of negative e-beam resist AZ nLOF 2020 (MicroChemicals GmbH, Ulm, Germany) deposited by an SM-180 spin coater (Sawatec AG, Sax, Switzerland). The opposite surface was sputtered by a 100-nm-thick Cu electrode and grounded during irradiation. The resist layer and electrode were completely chemically removed after termination of irradiation.
The surface domain structure was imaged by piezoresponse force microscopy (PFM) using built-in electronics of NTEGRA Aura (NT-MDT SI, Zelenograd, Russia) with silicon NSC-18 tips (MikroMasch, Sofia, Bulgaria). The tips had a conductive platinum coating and typical curvature radius of about 25 nm. The AC modulation voltage with amplitude Umod = 2-4 V and frequency fmod = 440 kHz (just below the tip resonance) was applied between the tip and the bottom electrode to invoke the piezoelectric response [34] .
Polarized Raman spectra of PMN-PT single crystal (Manufacturer, City, Country) were measured using confocal Raman microscope Alpha 300 AR (WiTec GmbH, Ulm, Germany) equipped by solid-state laser with wavelength 488 nm and maximum power 27 mW. The direction of laser polarization was set by the half-wavelength plate placed just at the entrance of the microscope. Laser radiation was focused at the sample surface with a ×100 objective with numerical aperture (NA) 0.75. The sample was mounted at the piezoelectric stage providing the three-axis movement with few nanometer steps. Scattered light was collected by the same objective in backscattering geometry and passed through the appropriate edge-filter intercepting the Raman spectra below 100 cm −1 . The separation of the polarization component in the scattered light was done by analyzer placed before a 50 µm diameter multimode optical fiber acting as a confocal pinhole. The light passing through the fiber was expanded into the spectrum by diffraction grating with 1800 grids per mm. The spectrum was detected by Andor Newton CCD camera with a 1600 × 200 pixel matrix thermoelectrically cooled down to −60 • C. The spectral resolution was about 1.2 cm −1 .
Results and Discussion
In the tetragonal P4mm phase, the PMN-PT crystal possesses eight Raman active vibrational modes: 3A 1 + B 1 + 4E. Typical polarized Raman spectra of PMN-PT crystal in Z(xx)Z and Z(xy)Z configurations after background subtraction and normalization over the total area of the spectrum are presented in Figure 1 . Raman selection rules predict that Z(xx)Z spectrum consists of A 1 (LO) and B 1 vibrational modes, whereas in Z(xy)Z configuration, only Raman inactive B 2 modes should be present. However, the structural disorder inherent to PMN-PT solid solution breaks the selection rules and A 1 (LO) and B 1 modes as well as E(TO) modes became apparent in both spectra.
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The domain structure was visualized in the 20 × 30 µm 2 area by measuring Z(xx)Z Raman spectra in adjacent points at the crystal surface with a step 150 nm and further representing the spectral parameters sensitive to the presence of domain walls as a two-dimensional pseudo-color image. The broadening of spectral lines and smallness of their variations do not allow separating the isolated spectral components, which demonstrate the sensitivity of position, intensity, or half-width to the presence of depolarization field in the vicinity of the domain walls. Therefore, to visualize the domain wall positions, the integrated intensity in the wavenumber region from 100 to 400 cm −1 was calculated as an area under the curve and then a pseudo-color representation of its spatial distribution was constructed. The obtained image of the domain walls (bright lines) at the surface of PMN-PT crystal (Figure 2c ) coincides with the PFM images (Figure 2a,b) . Bright color here corresponds to points at the crystal surface where the integrated intensity is increasing due to the presence of domain walls.
CRM allows measuring the spectra and visualizing the domain walls in the bulk of PMN-PT crystal by the laser beam focusing at the given depth by moving sample or objective. It is necessary to keep in mind that the real focusing depth defined by refraction index of the crystal (2.7 for PMN-PT [36] ) deviates from the nominal objective shift. It was shown that the real focusing depth is proportional to the objective shift, whereby the proportionality coefficient is close to the value of crystal's refractive index for small confocal holes (much lower than the diameter of the objective) [37] .
The images of the model stripe domain structure in PMN-PT at the different depths are presented in Figure 4 with the domain wall positions presented by bright lines. It is worth noting that the line width increases with depth due to reduction of the spatial resolution. The obtained images demonstrated the essential change of the domain shape with depth. Near the surface, the domain walls noticeably bend, whereas in the bulk, some domains break down into isolated ones. The domain structure was visualized in the 20 × 30 μm 2 area by measuring Z(xx)Z Raman spectra in adjacent points at the crystal surface with a step 150 nm and further representing the spectral parameters sensitive to the presence of domain walls as a two-dimensional pseudo-color image. The broadening of spectral lines and smallness of their variations do not allow separating the isolated spectral components, which demonstrate the sensitivity of position, intensity, or half-width to the presence of depolarization field in the vicinity of the domain walls. Therefore, to visualize the domain wall positions, the integrated intensity in the wavenumber region from 100 to 400 cm −1 was calculated as an area under the curve and then a pseudo-color representation of its spatial distribution was constructed. The obtained image of the domain walls (bright lines) at the surface of PMN-PT crystal (Figure 2c ) coincides with the PFM images (Figure 2a,b) . Bright color here corresponds to points at the crystal surface where the integrated intensity is increasing due to the presence of domain walls.
The images of the model stripe domain structure in PMN-PT at the different depths are presented in Figure 4 with the domain wall positions presented by bright lines. It is worth noting that the line width increases with depth due to reduction of the spatial resolution. The obtained images demonstrated the essential change of the domain shape with depth. Near the surface, the domain walls noticeably bend, whereas in the bulk, some domains break down into isolated ones. 
Conclusions
We applied the confocal Raman microscopy technique for imaging the 180° walls of c-domain periodical structure in multiaxial ferroelectric PMN-PT in tetragonal phase. We found that the wall contrast could be observed in Z(xx)Z polarization geometry using the weak intensity variations of certain spectral lines occurred in the vicinity of the domain walls due to the influence of partially compensated (residual) depolarization field. The developed technique can be used for verifying the quality of the engineered domain structure in PMN-PT crystals.
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